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Abstract
The purple sea urchin, Strongylocentrotus purpuratus, has a complex and robust immune
system that is mediated by a number of multi-gene families including the SpTransformer
(SpTrf) gene family (formerly Sp185/333). In response to immune challenge from bacteria
and various pathogen-associated molecular patterns, the SpTrf genes are up-regulated in
sea urchin phagocytes and express a diverse array of SpTrf proteins. We show here that
SpTrf proteins from coelomocytes and isolated by nickel affinity (cNi-SpTrf) bind to Gram-
positive and Gram-negative bacteria and to Baker’s yeast, Saccharomyces cerevisiae, with
saturable kinetics and specificity. cNi-SpTrf opsonization of the marine bacteria, Vibrio dia-
zotrophicus, augments phagocytosis, however, opsonization by the recombinant protein,
rSpTrf-E1, does not. Binding by cNi-SpTrf proteins retards growth rates significantly for sev-
eral species of bacteria. SpTrf proteins, previously thought to be strictly membrane-associ-
ated, are secreted from phagocytes in short term cultures and bind V. diazotrophicus that
are located both outside of and within phagocytes. Our results demonstrate anti-microbial
activities of native SpTrf proteins and suggest variable functions among different SpTrf iso-
forms. Multiple isoforms may act synergistically to detect a wide array of pathogens and pro-
vide flexible and efficient host immunity.
Introduction
Sea urchins are basal members of the deuterostome lineage of animals and belong to the echi-
noderm phylum, which is sister to the chordates that includes vertebrates. This close relation-
ship makes purple sea urchins optimal organisms for investigations of fundamental functions
and evolutionary diversity of innate immunity in deuterostomes. There is a wide range of solu-
tions among organisms for detecting and combating pathogens and opportunists that employ
various sequence diversification mechanisms for immune proteins [1]. Examples include
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several versions of the clustered regularly interspaced palindromic repeats (CRISPR) and
CRISPR-associated (Cas) protein immune system in bacteria and archaea that provide protec-
tion against re-infection by bacteriophages [2], a large expansion of C1q genes in the Pacific
oyster genome [3] with binding function against pathogen-associated molecular patterns
(PAMPs) [4], somatic diversification of the multigene family encoding fibrinogen related pro-
teins (FREPs) in molluscs that opsonize parasites [5–7], a family of genes encoding variable
domain-containing chitin binding proteins (VCBPs) in protochordates [8] that respond to gut
microbes [9], extensive alternative splicing of the single copy gene encoding Down syndrome
cell adhesion molecules (DSCAM) in arthropods [10, 11] that function in anti-microbial and
anti-viral responses [12, 13], the assembled variable lymphocyte receptors (VLRs) in cyclo-
stomes that bind a wide range of foreign targets [14], and somatic rearrangement of the immu-
noglobulin (Ig) gene family in higher vertebrates [15, 16] that recognize intact pathogens and
processed antigen fragments. Furthermore, there are expanded families of Toll-like receptor
(TLR) genes and NOD-like receptor (NLR) genes in the genomes of sea urchins and amphi-
oxus [17, 18], expansion of disease resistance (R) gene families in higher plants [19, 20], hun-
dreds of alleles for the single copy fusion/histocompatibility (Fu/HC) gene in populations of
compound tunicates [21] and the family of major histocompatibility complex (MHC) genes in
humans [22] that function at the core of self/non-self recognition. Despite the wide range of
mechanisms to diversify immune genes in the arms race with pathogens, from which success-
ful pathogens are selected based on abilities to avoid or overcome the host immune system,
invertebrates and plants generally rely solely on innate responses for host protection. The
innate immune system of the purple sea urchin, Strongylocentrotus purpuratus, was first char-
acterized as complex through genome and transcriptome annotation [23–26] and is likely an
important physiological attribute of this large, long-lived invertebrate [27] that is in continual
contact with multitudes of marine microbes both on the external epithelia and the mucosal
surfaces of the gut for both the adults and larvae [28]. In addition to the large sizes of the
SpTLR and SpNOD gene families in the purple sea urchin [17, 18], immune genes in this inver-
tebrate also include those that encode small lectins [25], a complement system [29] that may
be activated by homologues of mannose binding lectin and/or ficolins [25, 30], cysteine-rich
scavenger receptors [31], peptidoglycan (PGN) recognition proteins, as well as Gram-negative
binding proteins [25] and anti-microbial peptides [32, 33]. Pathogen detection in the purple
sea urchin also induces expression of the SpTransformer (SpTrf) gene family (previously called
the Sp185/333 family) [34–36]. HeTrf genes are expressed similarly in another sea urchin
species, Heliocidaris erythrograma [37] and orthologous genes are present in the genome
sequences of other echinoid families except for the cidaroid family or pencil sea urchins. The
sequenced genome of the purple sea urchin has three clusters of tightly linked SpTrf genes for
a total of 15 genes [38, 39].
A subset of the sea urchin immune cells, the phagocytes, express the SpTrf genes. The
immune cells in the adult, called coelomocytes, are present in the coelomic cavity. In larvae,
derivatives of the non-skeletogenic mesenchyme (NSM) cells located in the blastocoel. In both
adults and larvae, the immune cells are complex sets of different cell types that can be activated
with lipopolysaccharide (LPS) and other PAMPs in addition a variety of bacteria [28, 35, 40–
44]. Immune activation of adult coelomocytes and larval NSM derivatives are particularly
responsive to the marine microbe, Vibrio diazotrophicus, that was originally isolated from
the gut of the green sea urchin, S. droebachiensis [45]. SpTrf genes are expressed by three types
of phagocytes of adult sea urchins and the blastocoelar cells in larvae [43, 46, 47]. The genes
have two exons of which the first encodes the leader and the second encodes highly variable
mature proteins [36, 48] that are composed of blocks of sequences called elements present in
mosaics known as element patterns (Fig 1) [35, 36, 48]. The element patterns impart significant
Anti-microbial SpTransformer proteins
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sequence diversity among the proteins, however, they have a standard overall structure of a
glycine-rich region with multimerization function, a histidine-rich region, and a C-terminal
region (Fig 1) [36, 49]. Other anti-microbial peptides (AMPs) are characterized by elevated
abundances of a particular amino acid, such as clavanin A that is enriched in histidine, glycine,
and phenylalanine or proline [50] and other extended AMPs that are rich in arginine and other
residues (reviewed in [51]). The SpTrf protein diversity in individual sea urchins responding to
immune challenge has been evaluated by two dimensional Western blot showing an estimate of
up to 260 distinct SpTrf-positive spots indicating a large array of protein isoforms plus signifi-
cant multimerization [52]. Because individual sea urchins express variant arrays of SpTrf pro-
teins that change in response to the same and/or different immune challenges, the diversity of
the SpTrf protein arrays within the population is expected to be very large [53]. Although the
functions of the SpTrf proteins are not fully understood, the diversity of the deduced amino
acid sequences and their expression kinetics suggest that they act as immune effectors, and pre-
dictions suggest that different variants may have different functions [52].
A recombinant SpTrf protein, rSpTrf-E1 (originally called rSp0032), with an E1 element
pattern (Fig 1) binds tightly and specifically to Vibrio diazotrophicus and to Saccharomyces
cerevisiae, but does not bind to two Bacillus species [49]. rSpTrf-E1 binds tightly to LPS, β-
1,3-glucan, and flagellin, which is consistent with binding to yeast and Gram-negative bacte-
ria. However, it does not bind to PGN, which is consistent with failure to bind to the Gram-
positive Bacillus species. The range of cellular targets and PAMPs to which rSpTrf-E1 binds,
and those to which it does not bind, is unexpected for an anti-pathogen protein and suggests
unusual and flexible binding mechanisms. rSpTrf-E1 is an intrinsically disordered protein
(IDP) based on bioinformatic predictions and results from circular dichroism, however
the secondary structure transforms from disordered to α helical in the presence of binding
targets such as LPS, the phospholipid, phosphatidic acid (PA), and sodium dodecyl sulfate or
2,2,2-trifluoroethanol that are typically used in circular dichroism for evaluating the second-
ary structure of proteins [55, 56]. Once rSpTrf-E1 binds to a target, Kd values are consistent
with an off-rate that is below measurable levels, and tight binding may be the outcome of
Fig 1. The SpTrf proteins are highly variable. Examples of different SpTrf protein isoforms are shown as a cartoon
alignment. All proteins include a hydrophobic leader and the mature protein, which is a mosaic of sequence blocks or
elements (indicated as colored rectangles) that make up mosaics of element patterns. All possible elements are shown
at the top, although the SpTrf proteins never include all possible elements. The patterns correlate with the sequence of
element 10 that is highly diverse and is used to define the pattern type [36]. Mature SpTrf proteins consist of a glycine-
rich region with a multimerization region, a histidine-rich region, and a C-terminal region. rSpTrf-E1 has an E1
element pattern, which has been rarely identified. Some proteins are truncated as an outcome of RNA editing that
generates frameshifts and inserts stop codons [54], the most common of which is an edit that creates a stop codon in
element 8 (indicated by the star) for the E2 pattern. This figure is modified from Buckley & Smith [48].
https://doi.org/10.1371/journal.pone.0196890.g001
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both initial target association followed by structural transformation. The notion of IDPs act-
ing as anti-pathogen proteins that enables binding by individual isoforms to several PAMPs
and foreign cells suggests a highly diverse and flexible response system for immune protec-
tion in echinoids.
Whole coelomic fluid (wCF) is a complex tissue consisting of a fluid matrix and four cate-
gories of coelomocytes that mediate the innate immune response to injury and infections
through opsonization, agglutination, encapsulation, and phagocytosis [44, 57]. Activation of
the coelomocytes through immune challenge increases the number of phagocytes containing
SpTrf proteins and increases the amount of SpTrf proteins in the wCF [35, 46, 53, 58]. Further-
more, SpTrf mRNAs amplified from single phagocytes have identical sequences inferring
expression of a single gene per cell [47], although predicted mRNA editing and post-transla-
tional modifications would suggest the production of a small set of similar proteins [52, 53,
59]. The proteins are localized to the membranes of perinuclear vesicles of all phagocyte types
and are associated with the outer surface of the plasma membrane on small phagocytes [46, 47,
60]. This localization may be based on interactions between the SpTrf proteins and theoretical
cell surface receptors or the histidine-rich region association with negatively charged mole-
cules as predicted from rSpTrf-E1 binding activities [49, 56]
Although binding characteristics have been reported for rSpTrf-E1 [49, 56], only prelimi-
nary results are available for the activities of native SpTrf proteins isolated from coelomic fluid.
Full-length SpTrf proteins with sufficient numbers of histidines can be isolated by nickel affin-
ity from wCF, and they show variations among individual sea urchins, and bind variably to
foreign cells [49, 53]. Whether SpTrf protein binding to microbes has functional opsonization
activities to augment phagocytosis by phagocytic coelomocytes is not known. Here we expand
on preliminary results and report on the binding and opsonization functions of SpTrf proteins
isolated either from pelleted coelomocytes or wCF from individual sea urchins. The SpTrf
proteins isolated by nickel affinity from pelleted coelomocytes (cNi-SpTrf; see Table 1 for
abbreviation definitions) or from wCF (wNi-SpTrf proteins) have a wide range of binding
characteristics towards Gram-positive and Gram-negative bacteria. The cNi-SpTrf proteins
isolated from different animals and rSpTrf-E1 show variable binding towards different bacteria
and variable growth retardation for some bacterial species. When Vibrio diazotrophicus is
opsonized with cNi-SpTrf and then incubated with sea urchin phagocytes, phagocytosis is
augmented. Furthermore, phagocytes secrete SpTrf proteins into the medium in short term
cultures that bind to heat-killed V. diazotrophicus, which are observed both in perinuclear pha-
gosomes and outside of the phagocytes. Although rSpTrf-E1 binds tightly to V. diazotrophicus
Table 1. SpTrf protein abbreviations.
Abbreviation Definition
wNi-SpTrf SpTransformer proteins isolated by nickel affinity from lysates of whole coelomic fluid
(wCF)
cNi-SpTrf SpTransformer proteins isolated by nickel affinity from lysates of pelleted coelomocytes
Vibrio-FITC Vibrio diazotrophicus stained with fluorescein isothiocyanate
cfCF-Vibrio-FITC Vibrio-FITC opsonized with cell free coelomic fluid (cfCF)
aCF-Vibrio-FITC Vibrio-FITC opsonized with artificial coelomic fluid (aCF); buffer control
cNi-SpTrf-Vibrio Vibrio opsonized with cNi-SpTransformer proteins
FITC-cNi-SpTrf-
Vibrio
Biotinylated cNi-SpTrf-Vibrio incubated with NeutrAvidinFITC
rSpTrf-E1-Vibrio Vibrio opsonized with rSpTrf-E1
FITC-rSpTrf-E1-
Vibrio
Biotinylated rSpTrf-E1-Vibrio incubated with NeutrAvidinFITC
https://doi.org/10.1371/journal.pone.0196890.t001
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and LPS [49], it does not induce phagocytosis of opsonized V. diazotrophicus by coelomocytes.
These results demonstrate broad activities of mixtures of SpTrf proteins compared to individ-
ual recombinant proteins, and suggest putative overlapping ranges of binding activities among
individual SpTrf protein isoforms and that some, but not all induce phagocytosis. This innate
effector response in sea urchins appears to be a dynamic system in which the protein isoforms
likely function synergistically resulting in a highly responsive and flexible response to a wide
range of pathogens.
Materials and methods
Sea urchins
Adult purple sea urchins, Strongylocentrotus purpuratus, were purchased from Marinus Scien-
tific or the Southern California Sea Urchin Company after collection from the coast of south-
ern California. Animals were maintained as previously described [61].
Preparation of bacteria and Saccharomyces cerevisiae
Vibrio diazotrophicus was purchased from the American Type Culture Collection (item
#33466). Bacillus cereus and B. subtilis were a gift from David Morris (George Washington
University). Escherichia coli were similar to DH10B (One Shot1 bacteria; Invitrogen), and
Saccharomyces cerevisiae was type II (Sigma-Aldrich). Cultures were grown as previously
described [49, 53, 62, 63]. Bacteria and yeast were heat-killed, washed, and resuspended in arti-
ficial coelomic fluid (aCF; 10 mM CaCl2, 14 mM KCl, 50 mM MgCl2, 398 mM NaCl, 1.7 mM
Na2HCO3, 25 mM Na2SO4). Bacillus cereus, B. subtilis, and S. cerevisiae were counted using
TC20™ Automated Cell Counter (Bio-Rad Laboratories). To facilitate counting of heat-killed
E. coli and V. diazotrophicus, an aliquot of each were stained with fluorescein isothiocyanate
(FITC; 0.01mg/ml aCF; Fisher Scientific) at 37˚C for 30 min, washed at least seven times with
aCF, and counted with a hemocytometer using the green fluorescence channel on an Axioplan
fluorescence microscope (Zeiss). The concentrations of the heat-killed cells, including FITC-
stained Vibrio diazotrophicus (Vibrio-FITC), were adjusted to 1 X 108 cells per ml in aCF and
aliquots of 250 μl were stored at 4˚C.
Immune challenge and preparation of cell-free coelomic fluid
Sea urchins were challenged with an initial injection of 1 X 104 heat-killed Vibrio diazotrophi-
cus per ml of coelomic fluid (CF, volume per animal was estimated according to [40] and
injected a second or a third time at 24 and 48 hr with 1 X 106 heat-killed V. diazotrophicus per
ml of CF as described [53]. Animals were sacrificed 24 hr after the last injection by removing
Aristotle’s Lantern and collecting the wCF in 50 ml tubes on ice, which were gently inverted
several times to allow the wCF to clot. The wCF was centrifuged (Eppendorf, model 5415C)
at 10,000 x g at 4˚C for 5 min and the supernatant, or cell free CF (cfCF), was stored at -70˚C
in 1 ml aliquots for use in opsonization assays (see below). The pellet was either used to isolate
SpTrf proteins (see below) or was discarded.
Isolation of rSpTrf-E1 and SpTrf proteins by nickel affinity
rSpTrf-E1 was expressed in E. coli, isolated, and purified by nickel affinity as described [49].
SpTrf proteins were isolated from wCF lysates by affinity to Ni-His60 resin (CloneTech
Laboratories) according to the manufacturer and constituted the wNi-SpTrf proteins. Alterna-
tively, SpTrf proteins were isolated from pelleted coelomocytes by nickel affinity employing
optimized isolation methods according to Sherman et al. [53]. Briefly, wCF was collected
Anti-microbial SpTransformer proteins
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without anticoagulant and allowed to clot, followed by pelleting both coelomocytes and clots.
Pellets were resuspended in aCF plus protease inhibitors and detergents, lysed by sonication,
centrifuged, and the supernatant was passed through a Ni-His60 column. Elution fractions
containing the SpTrf proteins were identified by Western blot (see below) and constituted the
cNi-SpTrf proteins.
cNi-SpTrf and rSpTrf-E1 binding to target cells
Increasing concentrations of cNi-SpTrf proteins were mixed with a fixed number of V. diazo-
trophicus (6.2 X 109 cells), Bacillus cereus (1.5 X 07 cells), B. subtilis (1.5 X 107 cells) or Saccharo-
myces cerevisiae (2.8 X 105 cells) in 500 μl of aCF and rotated for 30 min at 4˚C. Cells were
pelleted (10,000 x g for 5 min) and resuspended in aCF twice followed by evaluation by West-
ern blot (see below) for bound cNi-SpTrf proteins.
Western blots
Bacteria with bound SpTrf proteins or samples of the nickel column eluates were heated to
95˚C in SDS lysis buffer and separated by electrophoresis on a 12% sodium dodecyl sulfate—
polyacrylamide gel (SDS-PAGE), transferred to PVDF membranes, and evaluated with anti-
SpTrf antibodies according to [46, 49]. The sea urchin complement C3 homologue, SpC3, was
detected using anti-SpC3-6H as described [53, 64, 65]. The antibody against SpC3 was raised
to a 50 kDa recombinant fragment of the N terminal region of the SpC3 α chain [64]. Second-
ary antibodies were labeled with horse radish peroxidase, and blots were processed for ECL
chemiluminescence (Thermo Fisher Scientific) followed by imaging with a ChemiDoc XRS+
(Bio-Rad Laboratories).
Coelomocyte preparation
Coelomocytes were withdrawn as previously described [63, 66] with modifications. A 1 ml
syringe with a 23-guage needle was preloaded with 300 μl of ice cold calcium-magnesium-free
seawater containing 70 mM EDTA and 20 mM HEPES buffer (CMFSW-EH; 460 mM NaCl,
10.73 mM KCL, 7.04 mM Na2SO4, 2.38 mM NaHCO3, pH 7.4) and inserted through the peri-
stomial membrane into the coelomic cavity from which 200 μl of wCF was withdrawn. The
cells were immediately dispensed into 500 μl of ice cold CMFSW-EH and counted with a
hemocytometer. Coelomocytes (either 1 X 104, 2 X 104, or 3 X 104 in CMFSW-EH) were
loaded into one of three cytology three-slot chimneys (Eppendorf) assembled with a poly-L-
lysine coated slide (Polysciences or Newcomer Supply), and the volume in each chimney was
adjusted to 200 μl with CMFSW-EH. The cytology chimney-slide assemblies were centrifuged
at 1,000 x g for 5 min at 4˚C (Eppendorf, model 5810R). After centrifugation, chimney-slide
assemblies were held at 4˚C for 5 min followed by incubation at 14˚C on a cold plate attached
to a circulating chiller (NESLAB RTE-211, Cole-Parmer). Damp paper towels were placed
between the cold plate and the chimney-slide assemblies to maintain the slide temperature at
14˚C. The supernatant in the chimney was gently aspirated and replaced with 200 μl of coelo-
mocyte culture medium (CCM; 0.5 M NaCl, 5 mM MgCl2, 1 mM EGTA, 20 mM HEPES pH
7.4 [46, 67]). Cells were incubated in chimney-slide assemblies on the cold plate at 14˚C for
phagocytosis assays (see below).
Opsonization and phagocytosis
wNi-SpTrf and cNi-SpTrf proteins were purified, concentrated and stored at 4˚C for up to two
weeks prior to use. Assays employed cNi-SpTrf and wNi-SpTrf proteins that were biotinylated
Anti-microbial SpTransformer proteins
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with EZ-link Sulfo-NHS-LC-LC-Biotin (Thermo Fisher Scientific) at 14˚C on a rotator and
dialyzed three times for 2 hr each against 1 L of PBS at 14˚C according to [49]. Opsonization
assays were performed as described [63] with modifications. Vibrio diazotrophicus cells were
opsonized with either biotinylated cNi-SpTrf (cNi-SpTrf-Vibrio) or with biotinylated rSpTrf-
E1 (rSpTrf-E1-Vibrio; see Table 1 for abbreviations) by incubating 250 μl of V. diazotrophicus
(1 X 108 cells per ml) with 250 μl of either of cNi-SpTrf (2 μg/250 μl) or rSpTrf-E1 (1 μg/
250 μl) for 40 min at 4˚C on a rotator. The positive control was Vibrio-FITC (1 X 108 cells per
ml) in 250 μl of aCF incubated with 250 μ l of cfCF from a donor animal (cfCF-Vibrio-FITC)
and rotated for 40 min at 4˚C. The negative control was Vibrio-FITC (250 μl; 1 X 108 cells per
ml) incubated with 250 μl of aCF (aCF-Vibrio-FITC) for 40 min at 4˚C. cfCF-Vibrio-FITC,
aCF-Vibrio-FITC, cNi-SpTrf-Vibrio, and rSpTrf-E1-Vibrio were washed once with CCM and
resuspended in 250 μl of CCM. NeutrAvidin-FITC (0.1%; Invitrogen) was linked to the bioti-
nylated cNi-SpTrf-Vibrio and rSpTrf-E1-Vibrio according to the manufacturer. Opsonized V.
diazotrophicus (FITC-cNi-SpTrf-Vibrio, FITC-rSpTrf-E1-Vibrio, cfCF-Vibrio-FITC, and aCF-
Vibrio-FITC,) were added to coelomocytes on slides in the chimney-slide assemblies (see
above) at a ratio of 100 V. diazotrophicus cells per coelomocyte and incubated for 70 min at
14˚C. For some experiments, coelomocytes were incubated with non-opsonized, heat-killed V.
diazotrophicus for 24 hr. Afterwards, the CCM in the chimneys was gently aspirated and each
chimney was washed once with 200 μl of CCM. The chimney-slide assemblies were disassem-
bled and the cells were processed for immunofluorescence imaging (see below). Phagocytosis
was evaluated based on the percentage of coelomocytes (n > 500) that had phagocytosed V.
diazotrophicus. The mean number of V. diazotrophicus cells phagocytosed per coelomocyte
(n 500) was calculated for each sample. Three replicates of coelomocytes from three sea
urchins were evaluated for phagocytosis of V. diazotrophicus. The statistical significance
among samples and controls was determined using Student’s one-tailed t test or two-sample
proportional t test.
Coelomocyte processing for immunofluorescence
Coelomocytes and V. diazotrophicus on slides (see above) were processed for immunofluores-
cence imaging as described [46]. Briefly, cells were fixed, permeabilized, blocked, and incu-
bated with primary antibodies to SpTrf proteins and actin followed by secondary antibodies
labeled with fluorchromes (Pierce-Thermo Fisher Scientific), and nuclear DNA staining with
4’,6-diamidino-2-phenylindole (DAPI). Confocal imaging was performed with an LSM 710
confocal microscope (Zeiss) at the George Washington University Center for Microscopy and
Image Analysis. Some images had false colors applied for better visualization.
ELISA
ELISA assays were carried out according to Lun et al. [49] and Majeske et al. [58]. Briefly,
100 μl of LPS (2 μg/ml in standard PBS, #L4524 from E. coli, Sigma-Aldrich) was distributed
into the wells of a 96-well ELISA plate (Corning Life Sciences) and incubated overnight fol-
lowed by drying at 60˚C. The amount of LPS bound to the wells was quantified with a Limulus
amoebocyte lysate (LAL) chromogenic endotoxin kit (Pierce-Thermo Fisher Scientific)
according to the protocol from the manufacturer. Wells were incubated with blocking solution
(4% bovine serum albumin in standard PBS) followed by washing with PBS with 0.5% Tween-
20 (PBST). rSpTrf-E1 of varying concentrations was pre-incubated with a mixture of three
anti-SpTrf antisera (1:1000 dilution in blocking solution) for 2 hr at room temperature. The
mixture was added to the wells coated with LPS, and incubated at room temp for 2 hr. Positive
controls omitted the antisera in the preincubation step, and background controls omitted
Anti-microbial SpTransformer proteins
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rSpTrf-E1 and/or LPS. Wells were washed with PBST and incubated with an equal mixture of
three anti-SpTrf antisera (1:1000 dilution in blocking solution) followed by a secondary anti-
body conjugated with alkaline phosphatase (1:15000 dilution; Sigma-Aldrich). The color was
developed by the substrate reaction with p-nitrophenyl phosphate (1 mg/ml in diethanola-
mine) and read at 405 nm on a Spectra MAX microplate spectrophotometer (Molecular
Devices). Background results were subtracted from protein binding data. Results were ana-
lyzed with Student’s two-tailed paired t test for samples with equal variance with significance
set at p 0.05.
Turbidity assay for bacterial growth
Vibrio diazotrophicus, E. coli, B. cereus and B. subtilis were grown (see above) to OD600 = 1.0
and 10 μl of the each culture was mixed with increasing concentrations of either cNi-SpTrf
proteins isolated from three different sea urchins or with rSpTrf-E1 and distributed in tripli-
cate into wells of a 96-well flat bottom plate (Thermo Fisher Scientific). The final volume
was adjusted to 200 μl with either standard Luria Bertani (LB) broth or Marine Broth (MB)
depending on the bacterial species and according to [53]. Bacteria were incubated at room
temperature and turbidity was recorded at 0, 2 and 4 hr by absorbance at OD600 using a Syn-
ergy HT Multi-Mode Microplate Reader (BioTek) as controlled by Gen5 Data Analysis Soft-
ware (BioTek). Cultures without added SpTrf proteins served as positive controls. Wells with
LB or MB without bacteria served as blanks, which were subtracted from bacterial growth
data. Statistical significance was determined by two-way ANOVA with significance set at
p 0.05.
Results
wNi-SpTrf proteins bind to bacteria and yeast
The SpTrf proteins expressed in sea urchins vary significantly among individuals and over
time in response to immune challenge [53], and different isoforms within the arrays of SpTrf
proteins have been speculated to impart a wide range of functions [49, 52]. Based on the num-
bers of histidines that are present in the histidine-rich region of the proteins (Fig 1), a subset of
full-length SpTrf proteins can be isolated from wCF by nickel affinity [53]. Preliminary results
indicate that wNi-SpTrf proteins (see Table 1 for abbreviation definitions) bind to a variety of
foreign cells that varies depending on the individual sea urchin from which the proteins were
isolated [49]. For a more detailed evaluation of the binding properties of the SpTrf proteins,
cNi-SpTrf proteins were isolated from four sea urchins and evaluated for binding to Vibrio
diazotrophicus, Saccharomyces cerevisiae, Bacillus subtilis, and B. cereus. Increasing amounts of
cNi-SpTrf proteins correlated with increased binding to bacteria and yeast (Fig 2). At higher
concentrations of cNi-SpTrf proteins, the intensities of the bands on Western blot lanes
appeared similar suggesting that saturation binding had been reached. In an alternative
approach to evaluate FITC-rSpTrf-E1 binding to V. diazotrophicus or S. cerevisiae by cell fluo-
rescence using a plate reader, results were in agreement with saturation binding by Western
blot (S1 Fig), and as reported previously using flow cytometry [49]. The patterns and intensity
of SpTrf-positive bands on Western blots from four sea urchins differed for the different spe-
cies of bacteria and for yeast to which they bound (Fig 2). cNi-SpTrf proteins that bound to V.
diazotrophicus showed a much broader size range compared to those that bound to S. cerevisiae
and to the Bacillus species. These results indicated that the cNi-SpTrf proteins and their bind-
ing activities differed among animals, in agreement with findings reported previously for wNi-
SpTrf proteins isolated from the wCF collected from 18 sea urchins [53].
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The combination of variability for the cNi-SpTrf protein arrays among individual sea
urchins [52, 53] and variability in binding activity towards target cells illustrated significant
complexity in this system, which may be of benefit to sea urchin populations in the arms race
against microbes. However, to simplify the experimental approach somewhat, cNi-SpTrf pro-
teins were isolated from a single sea urchin and binding to the same four types of target cells
was repeated. Results showed that the cNi-SpTrf proteins that bound to V. diazotrophicus con-
sisted of a different range in molecular weight (major bands at ~60 and ~80 kDa) plus what
was likely a monomer (~35 kDa), compared to the greater range of protein sizes bound to S.
cerevisiae and the Bacillus species (~85 to ~200 kDa) (Fig 3). Overall, the arrays of cNi-SpTrf
Fig 2. cNi-SpTrf proteins bind to bacteria and yeast. Vibrio diazotrophicus (6.2 X 109 cells), Saccharomyces cerevisiae
(2.8 X 105 cells), Bacillus cereus (1.5 X 107 cells), or Bacillus subtilis (1.5 X 107 cells) were incubated with increasing
amounts of cNi-SpTrf proteins isolated from four different sea urchins. Cells were washed, and analyzed by Western
blot with anti-SpTrf antibodies. cNi-SpTrf proteins from each sea urchin bind to all target cells, but the patterns of the
bands are different. Negative controls omitted the cNi-SpTrf proteins (0 μg) showing that neither the anti-SpTrf
antibodies nor the secondary antibody bind directly to the bacteria or yeast. SpTrf proteins loaded directly onto the gel
without pre-binding to V. diazotrophicus (–, second lane for sea urchin 17) shows the pattern of bands. The first lane
(0 μg/ml) of the blots for animals 18, 19, and 20, was moved closer to the lanes that show binding by the cNi-SpTrf
proteins. This was done by digital methods to reduce the size of the figure and to make the comparisons among the
lanes more clear. The blots were otherwise unaltered. Protein size standards in kDa are indicated to the right of each
blot.
https://doi.org/10.1371/journal.pone.0196890.g002
Fig 3. cNi-SpTrf proteins isolated from a single sea urchin bind variably to Vibrio diazotrophicus, Saccharomyces
cerevisiae, Bacillus cereus, and B. subtilis. cNi-SpTrf proteins (μg/ml) were incubated with bacteria and yeast and
washed cells were evaluated with multiple Western blot using the identical protocol including imaging timing.
Negative controls omitted the cNi-SpTrf proteins (0 μg/ml). The first lane in each image was moved closer to the lanes
that show binding by the cNi-SpTrf proteins. This was done by digital methods to reduce the size of the figure and to
make the comparisons among the lanes more clear. The blots were otherwise unaltered. Protein size standards in kDa
are indicated on the left and right of the blots.
https://doi.org/10.1371/journal.pone.0196890.g003
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proteins produced by different sea urchins appeared to have different binding characteristics
towards different foreign cells and that individual sea urchins may express different SpTrf iso-
forms for binding to different microbes.
Vibrio diazotrophicusopsonized with cNi-SpTrf proteins enhances
phagocytosis
The phagocyte class of coelomocytes is composed of large phagocytes (polygonal and discoi-
dal) and small phagocytes (reviewed in [44]), and phagocytosis of yeast opsonized by the com-
plement homologue, SpC3, is mediated by the large phagocytes in the purple sea urchin [63].
The initiation of phagocytosis of foreign cells requires a linkage, such an opsonin, between the
microbe and the surface of the phagocyte to enable phagocytosis and incorporation into a pha-
gosome [68, 69]. SpTrf proteins bind to bacteria and rSpTrf-E1 binds tightly to V. diazotrophi-
cus [49] suggesting that these proteins may function as opsonins to augment phagocytosis. To
test this, V. diazotrophicus was opsonized with cNi-SpTrf proteins isolated from three sea
urchins followed by labeling with FITC (FITC-cNi-SpTrf-Vibrio; see Table 1) and incubation
with phagocytes. Results showed that significantly more FITC-cNi-SpTrf-Vibrio were phago-
cytosed compared to aCF-Vibrio-FITC, the non-opsonized control (Fig 4A). However, the
percentage of phagocytes with FITC-cNi-SpTrf-Vibrio was significantly less than those with
FITC-stained V. diazotrophicus opsonized with cfCF (cfCF-Vibrio-FITC), which served as the
Fig 4. cNi-SpTrf proteins augment phagocytosis whereas rSpTrf-E1 proteins do not. A. Opsonized Vibrio
diazotrophicus was incubated with phagocytes for 70 min followed by fixing, staining, and analysis of the mean
percentage of phagocytes (n = 500) that contained V. diazotrophicus. cNi-SpTrf proteins from three different sea
urchins were evaluated for opsonization. Phagocytes were obtained from a sea urchin that was different from those
that provided the cNi-SpTrf proteins or the cfCF used for opsonization. The percentage of phagocytes with FITC-cNi-
SpTrf-Vibrio is intermediate between number of phagocytes with cfCF-Vibrio-FITC (positive control) and aCF-Vibrio-
FITC (buffer control) (see Table 1 for definitions of the abbreviations). B. Opsonization of V. diazotrophicus with
SpTrf proteins (cfCF-Vibrio-FITC) isolated from three sea urchins results in a greater percentage of phagocytes with
bacteria than either FITC-SpTrf-E1-Vibrio or aCF-Vibrio-FITC. C. Vibrio diazotrophicus opsonized with cNi-SpTrf,
rSpTrf-E1, cfCF or aCF were incubated with coelomocytes at a ratio of 100 bacteria per phagocyte. Phagocytosis of
FITC-cNi-SpTrf-Vibrio results in similar numbers of V. diazotrophicus per phagocyte compared to cfCF-Vibrio-FITC,
and both show significantly greater numbers of bacteria per phagocyte than aCF-Vibrio-FITC. Phagocytosis of
FITC-SpTrf-E1-Vibrio results in similar numbers of bacteria per phagocyte as that for aCF-Vibrio-FITC. , statistically
significant; ns, not significant.
https://doi.org/10.1371/journal.pone.0196890.g004
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positive control. The difference may have been due to cfCF that likely included a wide variety
of opsonins and agglutinins compared to cNi-SpTrf proteins. Alternatively, when phagocytes
were incubated with V. diazotrophicus opsonized with rSpTrf-E1 (FITC-rSpTrf-E1-Vibrio),
the percentage of cells with bacteria was significantly less than cfCF-Vibrio-FITC and was not
different from aCF-Vibrio-FITC (Fig 4B). When the average number of V. diazotrophicus cells
taken up per phagocyte was evaluated, cNi-SpTrf-Vibrio-FITC and cfCF-Vibrio-FITC were
present in similar numbers per phagocyte, which were significantly more than for aCF-Vibrio-
FITC (Fig 4C). However, the numbers of FITC-rSpTrf-E1-Vibrio per phagocyte was not differ-
ent from aCF-Vibrio-FITC. These results indicated that V. diazotrophicus opsonized with
arrays of cNi-SpTrf proteins isolated from three sea urchins augmented phagocytosis but were
not as effective as opsonins in the cfCF. Although rSpTrf-E1 is known to bind V. diazotrophi-
cus [49], it did not demonstrate effective opsonization that led to augmented phagocytosis.
To verify that rSpTrf-E1 was bound to V. diazotrophicus prior to the phagocytosis assay and
to demonstrate binding specificity, rSpTrf-E1 binding to LPS and evaluated by ELISA was
used as a proxy for binding specificity to Gram negative bacteria. Results indicated that
rSpTrf-E1 bound to LPS at significantly higher levels compared to background in the absence
of LPS (Figs 5 and 6). Furthermore, when anti-SpTrf antibodies were mixed with rSpTrf-E1
prior to incubation with LPS, binding was significantly decreased indicating binding specific-
ity. The question of whether other opsonins were isolated by nickel affinity from the CF in par-
allel with the SpTrf proteins has been addressed previously, and the sea urchin complement
homologue, SpC3, has been identified by tandem mass spectrometry (MS) [53]. To determine
whether SpC3 was isolated by nickel affinity in this study, cNi-SpTrf proteins from immune
challenged sea urchins were evaluated by Western blot and showed no detectable SpC3 (Figs 6
and 7). However, prior to nickel affinity isolation, a ~50 kDa autolytic fragment of the SpC3 α
chain was identified in cfCF indicating the presence of SpC3 proteins in the CF with an active
thioester motif [70]. The absence of SpC3 detection by Western blot was in agreement with
a similar analysis of wNi-SpTrf proteins [53]. Because MS is highly sensitive to very small
Fig 5. rSpTrf-E1 has binding specificity to LPS. Increasing concentrations of rSpTrf-E1 pre-bound to anti-SpTrf
were analyzed by ELISA. In the absence of the antisera, significantly more rSpTrf-E1 is bound to LPS compared to the
background controls in the absence of LPS. Pre-incubation of rSpTrf-E1 with anti-SpTrf antibodies decreases binding
to LPS significantly compared to samples in which the antisera are omitted. Data are shown as the mean
and ± standard deviation (SD) of three replicates. Brackets indicate significance (p< 0.05) using Student’s two-tailed
paired t test with equal variance.
https://doi.org/10.1371/journal.pone.0196890.g005
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Fig 6. cNi-SpTrf proteins are not contaminated with detectible amounts of SpC3. Pelleted coelomocytes were
sonicated, the lysate was passed through a nickel column, and an eluted fraction containing cNi-SpTrf proteins was
evaluated by Western blot with anti-SpC3-6His [64]. A sample of cfCF that was not subject to nickel affinity was
evaluated on the same filter for comparison. The cNi-SpTrf proteins do not contain detectable traces of SpC3 while the
cfCF fraction has an autolytic fragment of the SpC3 α chain [70] indicating the presence of an active complement
protein homologue.
https://doi.org/10.1371/journal.pone.0196890.g006
Fig 7. SpTrf proteins are secreted from coelomocytes in culture and opsonize Vibrio diazotrophicus. Non-
opsonized, heat-killed V. diazotrophicus were incubated with immune-activated coelomocytes for 24 hr at 14˚C
followed by fixing and staining for fluorescence microscopy. Some of the phagocytosed V. diazotrophicus and almost
all of the extracellular V. diazotrophicus are coated with SpTrf proteins. The insert in the lower corner of the merge
panel is a magnification of the perinuclear region of the central polygonal phagocyte. The nuclear color of the
phagocytes was altered using the confocal microscope imaging program. Some phagocyte nuclei become dissociated
from the cells during processing. Scale bar indicates 10 μm.
https://doi.org/10.1371/journal.pone.0196890.g007
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amounts of proteins, these conflicting results suggested that the concentration of SpC3 and
other immune related proteins, including several versions of scavenger receptor cysteine-rich
proteins and α-2 macroglobulin, were likely either below the level required for functional
activity in the Ni-isolated fraction or did not have opsonization activity. Finally, when SpTrf
proteins were isolated first by nickel affinity followed by anti-SpTrf antibody affinity, opsoni-
zation and phagocytosis for these double-isolated proteins were not different from cNi-SpTrf
proteins (data not shown). Overall, these data suggested that cNi-SpTrf proteins functioned as
opsonins and augmented phagocytosis of bacteria.
SpTrf proteins are secreted from coelomocytes
SpTrf proteins are thought to be strictly associated with cells because they have only been
observed in association with membranes of perinuclear vesicles of phagocytes and with the
plasma membrane and cell surface of small phagocytes [46, 52, 60]. We have assumed that the
SpTrf proteins are not secreted because they are primarily associated with coelomocytes pel-
leted from wCF and are generally present in the cfCF in very low or undetectable levels (Smith,
unpublished observation). However, if SpTrf proteins are strictly associated with membranes,
this does not fit with bacterial binding and opsonization of extracellular microbes by cNi-
SpTrf reported above. To address this question, non-opsonized, heat-killed V. diazotrophicus
were incubated with glass-adherent coelomocytes collected from a sea urchin 24 hr after it had
been immune activated by injections with heat-killed V. diazotrophicus. When the coelomo-
cytes were incubated for 24 hr in culture with heat-killed V. diazotrophicus, most of the non-
phagocytosed bacteria and some of the phagocytosed bacteria were coated with SpTrf proteins
(Figs 7 and 8). This demonstrated that SpTrf proteins were produced by the phagocytes in cul-
ture, which were secreted into the medium and bound to the extracellular V. diazotrophicus.
The internalized bacteria that were coated with SpTrf proteins may have been opsonized by
the secreted SpTrf proteins followed by phagocytosis. Alternatively, some bacteria may have
been phagocytosed first, followed by the fusion of perinuclear vesicles containing SpTrf pro-
teins with the phagolysosomes and subsequent binding of the SpTrf proteins to the bacteria.
Previous work has suggested that extreme changes in pH does not alter the binding activity
of the SpTrf proteins to bacterial target cells [71]. Because SpTrf proteins are generally not
observed in the cfCF, these results suggested that in vivo, the proteins may be secreted upon
detection of foreign cells to which they may bind quickly and are essentially removed from the
cfCF. Hence they may only be present transiently in the cfCF.
cNi-SpTrf proteins retard bacterial growth whereas rSpTrf-E1 does not
cNi-SpTrf proteins bind to V. diazotrophicus, Bacillus cereus, B. subtilis, and E. coli, and
rSpTrf-E1 shows strong, specific, irreversible binding to LPS (Figs 5 and 6) and V. diazotrophi-
cus [49]. Hence, these results suggested that cNi-SpTrf proteins and rSpTrf-E1 may have direct
activity on bacteria in the absence of coelomocytes. cNi-SpTrf proteins isolated from three sea
urchins were incubated with bacteria and growth was evaluated by monitoring culture turbid-
ity at 0, 2 and 4 hr. Results showed that for some combinations, retarded bacterial growth cor-
related with increasing concentrations of cNi-SpTrf proteins (Figs 8 and 9). Proteins from all
three sea urchins retarded the growth of B. subtilis, and E. coli, whereas only proteins from ani-
mals A and C retarded the growth of V. diazotrophicus. None of the cNi-SpTrf proteins iso-
lated from any of the sea urchins retarded the growth of B. cereus. These results demonstrated
that cNi-SpTrf proteins had partial activity to slow bacterial growth, and that the proteins
isolated from different animals had different levels of activity on different species of bacteria.
Higher concentrations of rSpTrf-E1 retarded the growth of E. coli but had no significant effect
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on the other microbial species (Figs 8 and 9). These results were consistent with the report
that rSpTrf-E1 does not bind to Bacillus spp [49] and indicated that although rSpTrf-E1 binds
tightly to V. diazotrophicus, it did not alter growth. Results from both phagocytosis and growth
retardation activity suggested that different isoforms of the SpTrf proteins may have different
functions.
Discussion
cNi-SpTrf proteins isolated from pelleted coelomocytes show increased binding to target
cells with increased concentrations of proteins leading to saturation plateaus consistent with
a finite number of specific binding sites. These results are in agreement with the binding
characteristics of rSpTrf-E1 to V. diazotrophicus, S. cerevisiae, and several PAMPs [49].
cNi-SpTrf proteins isolated from different sea urchins show different patterns of binding to
Fig 8. SpTrf proteins and rSpTrf-E1 show partial activity to retard bacterial growth. Vibrio diazotrophicus, Bacillus cereus, B. subtilis, or Escherichia coli were
grown to OD600 = 1, and 10 μl were incubated with increasing concentrations of cNi-SpTrf proteins isolated from sea urchins A, B, and C, or with increasing
concentrations of rSpTrf-E1. Bacterial growth was determined in triplicate by measuring the turbidity by OD600 at 0, 2, and 4 hr. Data are presented as growth
or OD600 relative to time in the presence of increasing amounts of SpTrf proteins (μg/200 μl). The mean background OD600 for the blank wells without bacteria
was subtracted from the corresponding experimental time points. Student’s one-tailed t test was used to evaluate the significance of change in turbidity in the
absence of SpTrf proteins compared to the range of SpTrf protein concentrations added to the cultures. Statistical significance is indicated by , p 0.005;
, p 0.05. ns, not significant.
https://doi.org/10.1371/journal.pone.0196890.g008
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microbes, in agreement with preliminary results for wNi-SpTrf proteins [53]. These results
suggest that there are variations in the SpTrf isoforms expressed by individual sea urchins
including possible variations in their expression levels, which may correlate with differences
in the members of the SpTrf gene family among animals [38], and is an additional level of
diversity for this system. cNi-SpTrf opsonization of V. diazotrophicus augments phagocytosis
but is not as effective as opsonization by proteins in the cfCF of immune activated sea
urchins. Although rSpTrf-E1 binds V. diazotrophicus (shown here and see [49]), it does not
augment phagocytosis, which is a basis for suggesting that isoforms with different sequences
have different functions. The cNi-SpTrf proteins have partial activity to retard growth,
depending on the animal from which they are isolated and the species of bacteria with which
they are tested. The rSpTrf-E1 proteins show more limited activity to retard growth for fewer
bacterial species. SpTrf proteins are secreted from phagocytes, rather than remaining bound
to membranes, and opsonize V. diazotrophicus. These results for the subset of SpTrf proteins
that can be isolated by nickel affinity indicate a wide range of activities that varies among
proteins and among individual sea urchins.
Fig 9. Putative trafficking and function of SpTrf proteins. The current hypotheses of SpTrf protein function is that
they are initially produced and stored in perinuclear vesicles of phagocytes. Note that a single SpTrf gene is expressed
in a single phagocyte according to Majeske et al. [47], which would produce a few versions of the SpTrf protein (shown
in red) resulting from RNA editing [54] and post translational processing [53]. SpTrf proteins are secreted from
vesicles upon bacterial detection but vesicles are also hypothesized to fuse with phagolysosomes and SpTrf proteins
may function in the degradation of phagocytosed microbes. After secretion, multiple SpTrf isoforms (indicated in
multiple colors) mix in the CF and multimerize upon opsonization of bacteria that augments phagocytosis and may
retard bacterial growth. How phagocytes recognize SpTrf proteins on the surface of microbes is not known, however, a
speculative receptor (brown) is shown. SpTrf proteins may also bind to phosphatidic acid (PA; green triangles), which
has been demonstrated for SpTrf-E1 [56]. The conical structure of PA and its clustering induced by SpTrf binding and
multimerization is known to drive membrane curvature, which may augment phagocytosis. ER, endoplasmic
reticulum.
https://doi.org/10.1371/journal.pone.0196890.g009
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Multiple levels of SpTrf diversification
There are multiple levels at which diversification of the SpTrf system are thought to occur
(reviewed in [72]). i) SpTrf gene sequences may be diversified through genomic instability
that is the outcome of tight clusters, segmental duplications, multiple types of repeats, shared
sequences among genes, and short tandem repeats surrounding each gene. The diversity is so
great among the genes that identical gene sequences have not been identified among animals
[48]. ii) Variations in gene expression may underlie, in part, changes in the protein arrays. iii)
Message sequence diversity appears to be augmented through RNA editing [54]. iv) The out-
come of message editing results in the translation of full-length proteins with increased amino
acid diversity, and proteins with missense and/or truncated sequence that commonly deletes
the histidine-rich region [35, 52]. v) Protein diversity may be increased by putative post-trans-
lational modifications [53]. Diverse arrays of SpTrf proteins are expressed by phagocytes that
show a broad range of pI and molecular weight and change in response to immune challenge
[52, 53], which results in dynamic expression that varies among individual sea urchins.
Changes in protein arrays over time is in agreement with the changes in the sizes of the cDNA
amplicons that have been observed in response to PAMP challenge over time [35]. Multitask-
ing activities for individual proteins is based on results for rSpTrf-E1 evaluated in the absence
of other sea urchin proteins, which binds to V. diazotrophicus, S. cerevisiae, LPS, non-glycosy-
lated flagellin from Salmonella, the phospholipid, phosphatidic acid (PA), and β-1,3-glucan, all
likely through conformational changes from disordered to α helical [49, 55, 56]. Hence, the
SpTrf system appears to be an extreme example of multiple levels of diversification that is likely
driven by the arms race between sea urchins and the multitudes of marine microbes. Optimi-
zation of the system is an outcome of co-evolution through selection for effective host defense
mechanisms in competition with diversification mechanisms for improved virulence, prolifer-
ation, and survival of the pathogens [1].
Synergistic function of SpTrf proteins
rSpTrf-E1 binds tightly to V. diazotrophicus, however it does not induce phagocytosis nor does
it display growth retardation activity towards this bacterial species. Although rSpTrf-E1 does
not bind to Bacillus spp. or to PGN [49], mixtures of cNi-SpTrf proteins bind to both V. diazo-
trophicus and the two Bacillus species. The comparison of the activities between a single SpTrf
protein functioning alone and multiple SpTrf isoforms functioning together supports the
notion that different SpTrf isoforms have different functions and that they may function
synergistically when secreted into the cfCF from phagocytes. This idea suggests a sixth level of
diversification for the SpTrf system through variations in protein-protein interactions and
multimerization. The frequency of cDNA sequences encoding a particular element pattern
before vs. after immune challenge is variable among animals and with regard to the type of
immune challenge [35], and may correlate with the functions of the various SpTrf isoforms.
We speculate that rare SpTrf variants such as SpTrf-E1 [36] may have narrower binding speci-
ficities for foreign cells with limited anti-bacterial activities. To induce phagocytosis, SpTrf-E1
would require synergistic activities of other isoforms for functional opsonization of V. diazo-
trophicus. There are likely other activities of the SpTrf proteins besides growth retardation
activity shown here, and may include bactericidal functions that have been hypothesized from
the highly lethal expression of most recombinant SpTrf proteins in E. coli [49]. The results
reported here must be considered in light of the fact that isoforms with insufficient histidines
or those that are truncated and only include the glycine-rich region and the multimerization
region (Fig 1) are not isolated with this approach and therefore not included in this analysis.
However, analysis of cDNA prevalence before vs. after immune challenge indicates an increase
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in full length proteins with the histidine-rich region [35, 53]. In general, the various isoforms
of SpTrf proteins may have multitasking and overlapping activities for binding bacteria and
PAMPs including variable capabilities for inducing phagocytosis. Our results lead us to specu-
late that depending on the pathogen that infects sea urchins, these invertebrates are capable of
expressing and secreting arrays of SpTrf variants that function synergistically and efficiently to
target pathogens for removal and destruction by phagocytes for optimal host protection.
SpTrf gene expression in single phagocytes
The diversity of the SpTrf system suggested by functional variations among different SpTrf
protein isoforms and the multimerization among proteins to integrate and optimize their
functional variations, must include the unexpected SpTrf gene expression patterns from the
phagocyte class of coelomocytes. The SpTrf transcripts from single phagocytes have identical
sequence suggesting expression from a single member of the SpTrf gene family per cell [47].
This infers that each cell may secrete a limited number of very similar SpTrf proteins with the
same element pattern but that are somewhat variable based on mRNA editing [54] and puta-
tive post-translational modifications [52, 53]. Differences in the arrays of SpTrf proteins
among individual sea urchins responding to different microbial challenges [53], plus the
notion that some SpTrf protein isoforms may have broad spectrum activities and that other
isoforms may have much more limited functions, suggests a complex pathogen detection sys-
tem and a complex system for regulating SpTrf gene expression in sea urchin phagocytes [47].
These changes may correlate with changes in the percentages of small and polygonal phago-
cytes that express SpTrf proteins in response to LPS [46]. We show that multiple phagocytes in
short term cultures secrete SpTrf proteins that bind to V. diazotrophicus located both outside
of the cells and within phagosomes. However, the advantages of expressing a single SpTrf gene
per single cell and secreting a highly similar isoforms is perplexing as this expression pattern
does not appear to be optimal for swift production and secretion of these proteins in large
quantities in response to pathogen invasion. We speculate that packing homogeneous SpTrf
proteins into transport vesicles may in some way aid in blocking multimerization that main-
tains activity. We have shown that once multimerized, SpTrf proteins do not return to
monomers, that multimerized SpTrf proteins do not bind to microbes (Chou, Lun, Smith,
unpublished observations), and that multimerized SpTrf and rSpTrf-E1 do not bind to PA
[56]. Multiple isoforms present in the CF likely lead to the formation of multimeric complexes
after binding to foreign cells, which may promote phagocytosis and perhaps other anti-micro-
bial activities. Synergistic multimers would be expected to have advantages for sea urchins
because the mix-and-match multimerization may broaden the functional capabilities of indi-
vidual SpTrf proteins for binding to a variety of microbes and adds an additional layer of com-
plexity to this system through SpTrf protein-protein interactions.
Conclusion
Here we report the diversity and functions of SpTrf proteins that are produced and secreted by
phagocytes and have sufficient histidines for isolation by nickel affinity. We compared their
activities to a single recombinant SpTrf protein, rSpTrf-E1. The SpTrf system demonstrates
the complexity and sophisticated nature of the innate immune system of the purple sea urchin,
which acts at multiple levels, including multiple targets for some or all isoforms and putative
synergism among proteins to form complexes that may broaden the activities of the individual
proteins. SpTrf proteins are present in vesicles near the nuclei of phagocytes, which are
secreted from single phagocytes as proteins with a single element pattern (Fig 9). Many iso-
forms secreted from many phagocytes in the CF are predicted to bind to microbes that
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augment phagocytosis and may retard microbial growth independent of phagocyte function.
We propose that the SpTrf proteins multimerize on the surface of the microbe, based on
results for rSpTrf-E1 that binds to and clusters PA in liposomes, which is a likely outcome of
protein multimerization [56]. The phagocyte cell surface receptor for SpTrf proteins bound to
bacteria is not known, but may include a variety of macromolecules with exposed phosphate
groups, which would be bound by the histidine-rich region of the proteins. The conical shape
of PA [73] induces membrane curvature when clustered, a characteristic that may correlate
with membrane curvature during phagocytosis (Fig 9). In addition to transport to the plasma
membrane for secretion, perinuclear vesicles carrying SpTrf proteins may also deliver their
cargo to the endosomal system for fusion with phagolysosomes. We speculate that the SpTrf
proteins may participate downstream of phagocytosis to block pathogen proliferation and per-
haps aid in pathogen degradation. Overall, these mechanisms may protect sea urchins from a
very broad spectrum of pathogens that are bound and removed efficiently from the CF. The
SpTrf system demonstrates diversity, flexibility, and efficiency of antimicrobial activity, which
is an important aspect for survival in the marine environment and the longevity of purple sea
urchins.
Supporting information
S1 Fig. rSpTrf-E1 binds to Vibrio diazotrophicus and Saccharomyces cerevisiaewith satura-
ble kinetics. (A) Vibrio diazotrophicus (2.9 X 108 cells) or (B) Saccharomyces cerevisiae (1.48 X
104 cells) were incubated in three trials each with increasing concentrations biotinylated
rSpTrf-E1 for 30 min at 14˚C. Control bacteria were incubated in standard PBS without bioti-
nylated rSpTrf-E1. After incubation, bacteria were washed three times in PBS and incubated
in 0.1% NeutrAvidin fluorescein isothiocyanate (NeuFITC) conjugate (Invitrogen) in 500 μl of
PBS for 30 min at 14˚C. Bacteria were washed three times, resuspended in 200 μl of PBS and
loaded in triplicate into wells of a black, round-bottom 96-well assay plate (Corning Life Sci-
ences). Fluorescence was detected with a Synergy HT Multi-Mode Microplate Reader (excita-
tion/emission: 490/525) and analyzed with Gen5 Data Analysis Software (BioTek). The
background level for each experiment was based on the fluorescence level of NeuFITC that
bound directly to V. diazotrophicus or S. cerevisiae in the absence of biotinylated rSpTrf-E1.
For both types of target cells, binding of FITC-rSpTrf-E1 (see Table 1 in the main paper for
definitions of abbreviations) shows a saturation plateau in agreement with Lun et al. [49] that
was observed by flow cytometry for this type of analysis. Means and standard deviation are
shown.
(TIF)
Acknowledgments
The authors are grateful for laboratory assistance from Lauren Sherman. This research was
supported by Research Scholarship Awards from the Wilbur V. Harlan Trust to HYC and
CML, an award from the Cosmos Club Foundation of Washington DC and two Summer Dis-
sertation Fellowships from the Columbian College of Arts and Sciences at GWU to CML, and
funding from the National Science Foundation (MCB-0744999, IOS-1146124) to LCS.
Author Contributions
Conceptualization: Hung-Yen Chou, Cheng Man Lun, L. Courtney Smith.
Data curation: Cheng Man Lun, L. Courtney Smith.
Anti-microbial SpTransformer proteins
PLOS ONE | https://doi.org/10.1371/journal.pone.0196890 May 8, 2018 18 / 22
Formal analysis: Hung-Yen Chou, Cheng Man Lun, L. Courtney Smith.
Funding acquisition: L. Courtney Smith.
Investigation: Hung-Yen Chou, Cheng Man Lun.
Methodology: Hung-Yen Chou.
Project administration: L. Courtney Smith.
Supervision: L. Courtney Smith.
Writing – original draft: Hung-Yen Chou.
Writing – review & editing: Cheng Man Lun, L. Courtney Smith.
References
1. Smith LC, Coscia MR. Tuning the host-pathogen relationship through evolution with a special focus on
the echinoid Sp185/333 system. Invertebrate Survival Journal. 2016; 13:355–73.
2. Sternberg SH, Richter H, Charpentier E, Qimron U. Adaptation in CRISPR-Cas Systems. Molecular
Cell. 2016; 61(6):797–808. https://doi.org/10.1016/j.molcel.2016.01.030 PMID: 26949040
3. Gerdol M, Venier P, Pallavicini A. The genome of the Pacific oyster Crassostrea gigas brings new
insights on the massive expansion of the C1q gene family in bivalvia. Developmental and Comparative
Immunology. 2015; 49(1):59–71. https://doi.org/10.1016/j.dci.2014.11.007 PMID: 25445912
4. Jiang S, Li H, Zhang D, Zhang H, Wang L, Sun J, et al. A C1q domain containing protein from Crassos-
trea gigas serves as a pattern recognition receptor and opsonin with high binding affinity to LPS. Fish
and Shellfish Immunology. 2015; 45(2):583–91. https://doi.org/10.1016/j.fsi.2015.05.021 PMID:
26002640
5. Zhang SM, Zeng Y, Loker ES. Expression profiling and binding properties of fibrinogen-related proteins
(FREPs), plasma proteins from the schistosome snail host Biomphalaria glabrata. Journal of Innate
Immunity. 2008; 14(3):175–89.
6. Mone Y, Gourbal B, Duval D, Du Pasquier L, Kieffer-Jaquinod S, Mitta G. A large repertiore of parasite
epitopes matched by a large repertoire of host immune receptors in an invertebrate host/parasite
model. PLoS Neglectic Tropical Diseases. 2010; 4(9):e813.
7. Adema CM, Hertel LA, Miller RD, Loker ES. A family of fibrinogen-related proteins that precipitates par-
asite-derived molecules is produced by an invertebrate after infection. Proceedings of the National
Academy of Sciences. 1997; 94(16):8691–6.
8. Dishaw LJ, Mueller MG, Gwatney N, Cannon JP, a RN, Litman RT, et al. Genomic complexity of the var-
iable region-containing chitin-binding proteins in amphioxus. BMC Genetics. 2008; 9(1):78.
9. Dishaw LJ, Giacomelli S, Melillo D, Zucchetti I, Haire RN, Natale L, et al. A role for variable region-con-
taining chitin-binding proteins (VCBPs) in host gut-bacteria interactions. Proceedings of the National
Academy of Sciences. 2011; 108:16747–52.
10. Watson FL, Puttmann-Holgado R, Thomas F, Lamar DL, Hughes M, Kondo M, et al. Extensive diversity
of Ig-superfamily proteins in the immune system of insects. Science. 2005; 309(5742):1874–8. https://
doi.org/10.1126/science.1116887 PMID: 16109846
11. Schmucker D, Chen B. Dscam and DSCAM: complex genes in simple animals, complex animals yet
simple genes. Genes and Development. 2009; 23:147–56. https://doi.org/10.1101/gad.1752909 PMID:
19171779
12. Dong Y, Taylor HE, Dimopoulos G. AgDscam, a hypervariable immunoglobulin domain-containing
receptor of the Anopheles gambiae innate immune system. PLoS Biology. 2006; 4(7):e229. https://doi.
org/10.1371/journal.pbio.0040229 PMID: 16774454
13. Ng TH, Chiang TA, Yeh TC, Wang HC. Review of DSCAM-mediated immunity in shrimp and other
arthropods. Developmental and Comparative Immunology. 2014; 46(2):129–38. https://doi.org/10.
1016/j.dci.2014.04.002 PMID: 24727482
14. Boehm T, Hirano M, Holland SJ, Das S, Schorpp M, Cooper MD. Evolution of alternative adaptive
immune systems in vertebrates. Annual Review of Immunology. 2018; 36:1–24.
15. Schatz DG, Swanson PC. V(D)J recombination: mechanisms of initiation. Annual Review of Genetics.
2011; 45:167–202. https://doi.org/10.1146/annurev-genet-110410-132552 PMID: 21854230
16. Bassing CH, Swat W, Alt FW. The mechanism and regulation of chromosomal V(D)J recombination.
Cell. 2002; 109 Suppl:S45–55.
Anti-microbial SpTransformer proteins
PLOS ONE | https://doi.org/10.1371/journal.pone.0196890 May 8, 2018 19 / 22
17. Buckley KM, Rast JP. Dynamic evolution of Toll-like recetor multigene familes in echinoderms. Frontiers
in Immunology. 2012; 3:136. https://doi.org/10.3389/fimmu.2012.00136 PMID: 22679446
18. Buckley KM, Rast JP. Diversity of animal immune receptors and the origins of recognition commplexity
in the deuterstomes. Developmental and Comparative Immunology. 2015; 49(1):179–89. https://doi.
org/10.1016/j.dci.2014.10.013 PMID: 25450907
19. McDowell JM, Simon SA. Molecular diversity at the plant-pathogen interface. Developmental and Com-
parative Immunology. 2008; 32(7):736–44. https://doi.org/10.1016/j.dci.2007.11.005 PMID: 18191204
20. Jacob F, Vernaldi S, Maidawa T. Evolution and conservation of plant NLR functions. Frontiers in Immu-
nology. 2013; 4:297. https://doi.org/10.3389/fimmu.2013.00297 PMID: 24093022
21. Taketa DA, De Tomaso AW. Botryllus schlossseri allorecognition: tackling the enigma. Developmental
and Comparative Immunology. 2015; 48(1):254–65. https://doi.org/10.1016/j.dci.2014.03.014 PMID:
24709050
22. Kumnovics A, Takada T, Lindahl KF. Genomic organization of the mammalian MHC. Annual Review of
Immunology. 2003; 21:629–57. https://doi.org/10.1146/annurev.immunol.21.090501.080116 PMID:
12500978
23. Sodergren E, Weinstock GM, Davidson EH, Cameron RA, Gibbs RA, Angerer RC, et al. The genome of
the sea urchin, Strongylocentrotus purpuratus. Science. 2006; 314(5801):941–52. https://doi.org/10.
1126/science.1133609 PMID: 17095691
24. Rast JP, Smith LC, Loza-Coll M, Hibino T, Litman GW. Genomic insights into the immune system of the
sea urchin. Science. 2006; 314(5801):952–6. https://doi.org/10.1126/science.1134301 PMID:
17095692
25. Hibino T, Loza-Coll M, Messier C, Majeske AJ, Cohen A, Terwilliger DP, et al. The immune gene reper-
toire encoded in the purple sea urchin genome. Developmental Biology. 2006; 300:349–65. https://doi.
org/10.1016/j.ydbio.2006.08.065 PMID: 17027739
26. Tu Q, Cameron RA, Worley KC, Gibbs RA, Davidson EH. Gene structure in the sea urchin Strongylo-
centrotus purpuratus based on transcriptome analysis. Genome Research. 2012; 22(10):2079–87.
https://doi.org/10.1101/gr.139170.112 PMID: 22709795
27. Ebert TA. Negative growth and longevity in the purple sea urchin Strongylocentrotus purpuratus (Stimp-
son). Science. 1967; 157(3788):557–8. https://doi.org/10.1126/science.157.3788.557 PMID: 17801416
28. Buckley KM, Ho ECH, Hibino T, Schrankel CS, Shuh NW, Wang G, et al. IL17 factors are early regula-
tors in the gut epithelium during inflammatory response to Vibrio in the sea urchin larva. eLIFE. 2017; 6:
e23481. https://doi.org/10.7554/eLife.23481 PMID: 28447937
29. Smith LC, Clow LA, Terwilliger DP. The ancestral complement system in sea urchins. Immunological
Reviews. 2001; 180:16–34. PMID: 11414357
30. Smith LC, Azumi K, Nonaka M. Complement systems in invertebrates. The ancient alternative and lec-
tin pathways. Immunopharmacology. 1999; 42(1–3):107–20. PMID: 10408372
31. Pancer Z. Individual-specific repertoires of immune cells SRCR receptors in the purple sea urchin (S.
Purpuratus). Advances in Experimental Medicine and Biology. 2001; 484:31–40. PMID: 11418998
32. Li C, Blencke HM, Haug T, Jorgensen O, Stensvag K. Expression of antimicrobial peptides in coelomo-
cytes and embryos of the green sea urchin (Strongylocentrotus droebachiensis). Developmental and Com-
parative Immunology. 2014; 43(1):106–13. https://doi.org/10.1016/j.dci.2013.10.013 PMID: 24239709
33. Li C, Blencke HM, Haug T, Stensvag K. Antimicrobial peptides in echinoderm host defense. Develop-
mental and Comparative Immunology. 2015; 49(1):190–7. https://doi.org/10.1016/j.dci.2014.11.002
PMID: 25445901
34. Nair SV, Del Valle H, Gross PS, Terwilliger DP, Smith LC. Macroarray analysis of coelomocyte gene
expression in response to LPS in the sea urchin. Identification of unexpected immune diversity in an
invertebrate. Physiological Genomics. 2005; 22(1):33–47. https://doi.org/10.1152/physiolgenomics.
00052.2005 PMID: 15827237
35. Terwilliger DP, Buckley KM, Brockton V, Ritter NJ, Smith LC. Distinctive expression patterns of 185/333
genes in the purple sea urchin, Strongylocentrotus purpuratus: an unexpectedly diverse family of tran-
scripts in response to LPS, beta-1,3-glucan, and dsRNA. BMC Molecular Biology. 2007; 8:16. https://
doi.org/10.1186/1471-2199-8-16 PMID: 17331248
36. Terwilliger DP, Buckley KM, Mehta D, Moorjani PG, Smith LC. Unexpected diversity displayed in
cDNAs expressed by the immune cells of the purple sea urchin, Strongylocentrotus purpuratus. Physio-
logical Genomics. 2006; 26(2):134–44. https://doi.org/10.1152/physiolgenomics.00011.2006 PMID:
16837652
37. Roth MO, Wilkins AG, Cooke GM, Raftos DA, Nair SV. Characterization of the highly variable immune
response gene family, He185/333, in the sea urchin, Heliocidaris erythrogramma. PLoS ONE. 2014; 9
(10):e62079. https://doi.org/10.1371/journal.pone.0062079 PMID: 25333281
Anti-microbial SpTransformer proteins
PLOS ONE | https://doi.org/10.1371/journal.pone.0196890 May 8, 2018 20 / 22
38. Oren M, Barela Hudgell MA, D’ Allura B, Agronin J, Gross A, Podini D, et al. Short tandem repeats, seg-
mental duplications, gene deletion, and genomic instability in a rapidly diversified immune gene family.
BMC Genomics. 2016; 17:900. https://doi.org/10.1186/s12864-016-3241-x PMID: 27829352
39. Miller CA, Buckley KM, Easley RL, Smith LC. An Sp185/333 gene cluster from the purple sea urchin
and putative microsatellite-mediated gene diversification. BMC Genomics. 2010; 11:575. https://doi.
org/10.1186/1471-2164-11-575 PMID: 20955585
40. Smith LC, Britten RJ, Davidson EH. Lipopolysaccharide activates the sea urchin immune system.
Developmental and Comparative Immunology. 1995; 19(3):217–24. PMID: 8595820
41. Pancer Z, Rast JP, Davidson EH. Origins of immunity: transcription factors and homologues of effector
genes of the vertebrate immune system expressed in sea urchin coelomocytes. Immunogenetics.
1999; 49(9):773–86. PMID: 10398804
42. Majeske A, Bayne CJ, Smith LC. Aggregation of sea urchin phagocytes is augmented in vitro by lipo-
polysaccharide. PLoS ONE. 2013; 8(4):e61419. https://doi.org/10.1371/journal.pone.0061419 PMID:
23613847
43. Ho ECH, Buckley KM, Schrankel CS, Schuh NW, Hibino T, Solek CM, et al. Perturbation of gut bacteria
induces a coordinated cellular immune response in the purple sea urchin larva. Immunology and Cell
Biology. 2016; 94(9):861–74. https://doi.org/10.1038/icb.2016.51 PMID: 27192936
44. Smith LC, Ghosh J, Buckley KM, Clow LA, Dheilly NM, Haug T, et al. Echinoderm immunity. In: Soder-
hall K, editor. Invertebrate Immunity. Austin Texas: Landes Bioscience and Spring Science+Business
Media; 2010. p. 260–301.
45. Guerinot ML, Patriquin DG. N2-fixing vibrios isolated from the gastrointestinal tract of sea urchins.
Canadian Journal of Microbiology. 1981; 27(3):311–7. PMID: 6940646
46. Brockton V, Henson JH, Raftos DA, Majeske AJ, Kim YO, Smith LC. Localization and diversity of 185/
333 proteins from the purple sea urchin—unexpected protein-size range and protein expression in a
new coelomocyte type. Journal of Cell Science. 2008; 121(3):339–48.
47. Majeske AJ, Oren M, Sacchi S, Smith LC. Single sea urchin phagocytes express messages of a single
sequence from the diverse Sp185/333 gene family in response to bacterial challenge. Journal of Immu-
nology. 2014; 193:5678–88.
48. Buckley KM, Smith LC. Extraordinary diversity among members of the large gene family, 185/333, from
the purple sea urchin, Strongylocentrotus purpuratus. BMC Molecular Biology. 2007; 8:68. https://doi.
org/10.1186/1471-2199-8-68 PMID: 17697382
49. Lun CM, Schrankel CS, Chou H-Y, Sacchi S, Smith LC. A recombinant Sp185/333 protein from the pur-
ple sea urchin has multitasking binding activities towards certain microbes and PAMPs. Immunobiology.
2016; 221:889–903. https://doi.org/10.1016/j.imbio.2016.03.006 PMID: 27020848
50. van Kan EJM, Demel RA, Breukink E, van der Bent A, de Kruijff B. Clavanin permeabilizes target mem-
branes via two distinctly different pH-dependent mechanisms. Biochemistry. 2002; 41(24):7529–39.
PMID: 12056883
51. Yount NY, Bayer AS, Yeaman MR. Advances in antimicrobial peptide immunobiology. Biopolymers.
2006; 84:435–58. https://doi.org/10.1002/bip.20543 PMID: 16736494
52. Dheilly NM, Nair SV, Smith LC, Raftos DA. Highly variable immune-response proteins (185/333) from
the sea urchin Strongylocentrotus purpuratus: proteomic analysis identifies diversity within and between
individuals. Journal of Immunology. 2009; 182:2203–12.
53. Sherman LS, Schrankel CS, Brown KJ, Smith LC. Extraordinary diversity of immune response proteins
among sea urchins: nickel-isolated Sp185/333 proteins show broad variations in size and charge. PLoS
ONE. 2015; 10(19):e0138892.
54. Buckley KM, Terwilliger DP, Smith LC. Sequence variations in 185/333 messages from the purple sea
urchin suggest posttranscriptional modifications to increase immune diversity. Journal of Immunology.
2008; 181:8585–94.
55. Lun CM, Bishop BM, Smith LC. Multitasking immune Sp185/333 protein, rSpTransformer-E1, and its
recombinant fragments undergo secondary structural transformation upon binding targets. Journal of
Immunology. 2017; 198(7):2957–66.
56. Lun CM, Samuel RL, Gillmor SD, Boyd A, Smith LC. The recombinant sea urchin immune effector pro-
tein, rSpTransformer-E1, binds to phosphatidic acid and deforms membranes. Frontiers in Immunology.
2017; 8:481. https://doi.org/10.3389/fimmu.2017.00481 PMID: 28553283
57. Ramı´rez-Go´mez F, Garcı´a-Arrara´s JE. Echinoderm immunity. Invertebrate Survival Journal. 2010.
58. Majeske AJ, Oleksyk TK, Smith LC. The Sp185/333 immune response genes and proteins are
expressed in cells dispersed within all major organs of the adult purple sea urchin. Innate Immunity.
2013; 19(6):569–87. https://doi.org/10.1177/1753425912473850 PMID: 23405032
Anti-microbial SpTransformer proteins
PLOS ONE | https://doi.org/10.1371/journal.pone.0196890 May 8, 2018 21 / 22
59. Buckley KM, Munshaw S, Kepler TB, Smith LC. The 185/333 gene family is a rapidly diversifying host-
defense gene cluster in the purple sea urchin, Strongylocentrotus purpuratus. Journal of Molecular Biol-
ogy. 2008; 379:912–28. https://doi.org/10.1016/j.jmb.2008.04.037 PMID: 18482736
60. Dheilly N, Birch D, Nair SV, Raftos DA. Ultrastructural localization of the highly variable immune
response protein (He185/333) within coelomocytes and the gut tissues of the sea urchin, Heliocidaris
erythrogramma. Immunology and Cell Biology. 2011; 89(8):861–9.
61. Gross PS, Clow LA, Smith LC. SpC3, the complement homologue from the purple sea urchin, Strongy-
locentrotus purpuratus, is expressed in two subpopulations of the phagocytic coelomocytes. Immuno-
genetics. 2000; 51(12):1034–44. PMID: 11061288
62. Shah M, Brown KM, Smith LC. The gene encoding the sea urchin complement protein, SpC3, is
expressed in embryos and can be upregulated by bacteria. Developmental and Comparative Immunol-
ogy. 2003; 27(6–7):529–38. PMID: 12697310
63. Clow LA, Raftos DA, Gross PS, Smith LC. The sea urchin complement homologue, SpC3, functions as
an opsonin. Journal of Experimental Biology. 2004; 207(Pt 12):2147–55. PMID: 15143147
64. Clow LA, Gross PS, Shih CS, Smith LC. Expression of SpC3, the sea urchin complement component,
in response to lipopolysaccharide. Immunogenetics. 2000; 51(12):1021–33. PMID: 11061287
65. Smith LC. The complement system in sea urchins. Advances in Experimental Medicine and Biology.
2001; 484:363–72. PMID: 11419003
66. Gross PS, Al-Sharif WZ, Clow LA, Smith LC. Echinoderm immunity and the evolution of the comple-
ment system. Developmental and Comparative Immunology. 1999; 23(4–5):429–42. PMID: 10426433
67. Henson JH, Svitkina TM, Burns AR, Hughes HE, MacPartland KJ, Nazarian R, et al. Two components
of actin-based retrograde flow in sea urchin coelomocytes. Molecular Biology of the Cell. 1999; 10
(12):4075–90. PMID: 10588644
68. Canicatti C, Roch P. Studies on Holothuria polii (Echinodermata) antibacterial proteins. I. Evidence for
and activity of a coelomocyte lysozyme. Experientia. 1989; 45(8):756–9.
69. Aderem A, Underhill DM. Mechanisms of phagocytosis in macrophages. Annual Review of Immunol-
ogy. 1999; 17:593–623. https://doi.org/10.1146/annurev.immunol.17.1.593 PMID: 10358769
70. Smith LC. Thioester function is conserved in SpC3, the sea urchin homologue of the complement com-
ponent C3. Developmental and Comparitive Immunology. 2002; 26(7):603–14.
71. Schrankel CS. Binding studies of the Sp185/333 proteins of the purple sea urchin, Strongylocentrotus
purpuratus: implications of diversity in the function of a novel protein family. MS Thesis, Department of
Biological Sciences, George Washington University. 2009.
72. Smith LC, Lun CM. The SpTransformer gene family (formerly Sp185/333) in the purple sea urchin and
the functional diversity of the anti-pathogen rSpTransformer-E1 protein. Frontiers in Immunology. 2017;
8:725. https://doi.org/10.3389/fimmu.2017.00725 PMID: 28713368
73. Kooijman EE, Chupin V, Fuller NL, Kozlov MM, de Kruijff B, Burger KNJ, et al. Spontaneous curvature
of phosphatidic acid and lysophosphatidic acid. Biochemistry. 2005; 44:2097–102. https://doi.org/10.
1021/bi0478502 PMID: 15697235
Anti-microbial SpTransformer proteins
PLOS ONE | https://doi.org/10.1371/journal.pone.0196890 May 8, 2018 22 / 22
